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Using first-principles density-functional theory calculations, we predict the potential for unprece-
dented thermoelectric efficiency zT = 5 at 800 K in n-type Ba2BiAu full-Heusler compound. Such
a high efficiency arises from an intrinsically ultralow lattice thermal conductivity coupled with a
very high power factor reaching 7 mW m−1 K−2 at 500 K. The high power factor originates from
a light, sixfold degenerate conduction band pocket along the Γ-X direction. Weak acoustic phonon
scattering and sixfold multiplicity combine to yield high mobility and high Seebeck coefficient. In
contrast, the flat-and-dispersive (a.k.a. low-dimensional) valence band of Ba2BiAu fail to generate a
high power factor due to strong acoustic phonon scattering. The Lorenz numbers at optimal doping
are smaller than the Wiedemann-Franz value, an integral feature for zT enhancement as electrons
are the majority heat carriers.
Thermoelectric materials can be used to directly con-
vert heat into electricity and vice versa, and have tech-
nological applications in energy harvesting and refrigera-
tion. The indicator of thermoelectric efficiency is the di-
mensionless figure of merit zT = α
2σT
κ . Here, α
2σ is the
thermoelectric power factor (PF), composed of the See-
beck coefficient (α) and electronic conductivity (σ). The
total thermal conductivity (κ) is the sum of lattice ther-
mal conductivity (κlat) and thermal conductivity due to
electrons (κe). For large-scale deployment, thermoelec-
tric materials with zT > 4 are highly coveted. Unfor-
tunately, conversion efficiencies of even the best thermo-
electrics have been stagnant at zT < 3, only in rare cases
surpassing zT = 2, and even then only at high tempera-
tures [1–4]. At room temperature, only alloys of Bi2Te3
offer competitive performance [5–8].
Clearly, a desirable thermoelectric material would fea-
ture high α and σ, while exhibiting low κ, but such a
combination is inherently difficult to achieve. In general,
it has proven much more difficult to engineer high PF
than to decrease κlat even to the theoretical minimum
given by the amorphous limit [9–16]. The PF is intrinsi-
cally limited by the fact that σ and α for a given material
behave counteractively with respect to the carrier (dop-
ing) concentration. Conductivity can also be boosted
by high carrier mobility, which occurs only in crystalline
compounds. Unfortunately, high crystallinity often leads
to high κ as well, limiting the thermoelectric potential.
Methods that suppress κlat, such as alloying, hierarchical
nanostructuring, or lowering crystallinity often run the
risk of damaging mobility, thereby decreasing the PF. A
general consensus in the community is that systematic
approaches for achieving high PF are of vital importance
for the development of next-generation thermoelectrics.
One of the recent concepts for high PF focuses on the
role of electronic bands that exhibit anisotropic features
common in low-dimensional materials[17, 18], such as co-
existence of flat and dispersive directions at the band
edge. The idea behind this approach is that the flat por-
tions provide high entropy due to high eDOS and leading
to high Seebeck coefficient, while the dispersive portions
facilitate high mobility due to light effective mass. Bulk
materials with such features have been proposed theo-
retically, e.g. iron-based full-Heusler compounds of the
Fe2YZ type [19], but have not yet been proven useful.
It is in this context that we present our prediction of
unprecedented zT = 5 at 800 K in n-type full-Heusler
Ba2BiAu. This material is a member of the family of
full-Heusler compounds recently discovered to be stable
and to exhibit ultralow intrinsic lattice thermal conduc-
tivity arising from anharmonic rattling of heavy atoms
[20]. This compound also exhibits a coexistence of flat
and dispersive directions at the valence band maximum
(VBM), which suggests a possibility for a high p-type
PF. Here, via parameter-free first-principles calculations
based on the density-functional theory (DFT), we pre-
dict that Ba2BiAu features high n-type PF arising from
a highly dispersive band with multiple degenerate pockets
at the conduction band minimum (CBM). By compari-
son, the p-type PF arising from the flat-and-dispersive,
low-dimensional-type band at the VBM is significantly
lower due to much increased phase space for electron scat-
tering by acoustic phonons. We complement this obser-
vation with a case study of Fe2TiSi, another full-Heusler
compound that shares a qualitatively similar band struc-
ture, but with reversed locations of the highly disper-
sive and low-dimensional-type pockets. In both cases, we
show that the highly dispersive band are more beneficial
than the low-dimensional-type, suggesting that the more
conventional concept of engineering multiply degenerate
pockets with light carriers outperforms the benefits of
highly anisotropic, flat-and-dispersive band structures.
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2FIG. 1. (Color online) Electronic band structure of Ba2BiAu
with (red) and without (black) spin-orbit coupling, aligned at
the CBM.
Fig. 1 shows the electronic band structure of
Ba2BiAu, as calculated using Quantum Espresso [21, 22]
with norm-conserving pseudopotentials and the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional
[23, 24]; we confirmed that projector-augmented wave
(PAW) [25] pseudopotentials lead to only minor changes
in the band structure. The notable features of Fig. 1 are
a highly dispersive CBM pocket along the Γ-X direction
and a flat-and-dispersive VBM pocket at the L-point.
Both of these features are promising for high PF. First,
the location of the CBM along the Γ-X direction gives
it a sixfold pocket multiplicity, while the VBM pocket
is fourfold degenerate. Pocket multiplicity, or band de-
generacy, directly benefits the PF via the multi-band ef-
fect [26] which increases conductivity without harming
the Seebeck coefficient. No other portion of any band
is within 0.3 eV of the CBM, making the pocket the
sole contributor to electron transport up to 800 K. Sec-
ond, the small effective mass of the CBM pocket limits
the phase space for acoustic phonon scattering, which is
often the most harmful carrier scattering process. We
also note that spin-orbit coupling (SOC) induces a slight
curving of the otherwise flat top-most valence band at
the L-point and reduces the band gap, but it leaves the
dispersive CBM pocket practically unchanged. Effective
masses at the CBM are mxx = 0.069, myy = mzz = 0.51
without SOC and mxx = 0.067, myy = mzz = 0.49 with
SOC. Since our main interest here is the performance
of n-type material, and the SOC has negligible effect on
both the CBM pocket and the phonon dispersion[20], we
neglect SOC when calculating the electron-phonon scat-
tering rates aside from correcting the band gap. In our
transport calculations, we replace the non-SOC PBE gap
of 0.44 eV with 0.56 eV obtained from the Tran-Blaha-
modified Becke-Johnson potential (mBJ) [27] with SOC.
We consider the two major scattering mechanisms at
work in thermoelectric materials: electron-phonon scat-
tering and ionized impurity scattering. For electron-
phonon scattering, we explicitly calculate electron-
phonon interaction matrix elements over a coarse 8×8×8
k-point mesh using density-functional perturbation the-
ory (DFPT) [28, 29]. We then use maximally localized
Wannier functions [30–32] for an efficient interpolation of
the matrix elements onto a dense 40 × 40 × 40 k-point
mesh using the EPW software [33–35]. This treatment
accounts for both intravalley and intervalley scattering.
Long-ranged polar optical scattering matrix elements are
calculated separately and added to the total matrix ele-
ments on the dense mesh [36]. The carrier lifetimes are
obtained from the imaginary part of the electron self-
energy, which is calculated by summing the matrix ele-
ments over the dense phonon mesh. For further theoret-
ical details, refer to the supplementary information (SI)
[37]. With lifetimes at hand, we employ the Boltzmann
transport equation within the relaxation time approxi-
mation (RTA) to calculate σ and α:
σ =
1
ΩNk
∑
νk
(τv2)νk
(
−∂f
∂
)
=νk
, (1)
α =
σ−1
ΩTNk
∑
νk
(τv2)νk(νk − F)
(
−∂f
∂
)
=νk
. (2)
Group velocity (v) and lifetime (τ) depend on band ν and
wavevector k. Ω is the primitive cell volume, F is the
Fermi level, and f(−F) is the Fermi-Dirac distribution.
The summations of Eqs. (1) and (2) are performed using
BoltzTraP [38] with pre-calculated electron-phonon life-
times. Recent work has shown that RTA with electron-
phonon matrix elements calculated via DFPT and Wan-
nier interpolation is capable of accurately reproducing
experimental data on the electrical transport properties
of good thermoelectric materials [39, 40].
Mobility limited by ionized impurity scattering (µii)
is estimated using the aMoBT software [41], which im-
plements an improved form of the Brooks-Herring the-
ory that takes into account screening and band non-
parabolicity [42, 43]. The overall mobility (µ) is obtained
by combining µii with µeph according to the Matthiesen’s
rule,
µ−1 = µ−1eph + µ
−1
ii , (3)
and is used to rescale σ.
The calculated electron-phonon scattering lifetimes at
300 K are shown in Fig. 2(a). If only acoustic phonon
scattering is included (red dots), electron lifetimes near
the CBM are roughly two orders of magnitude higher
than those of the hole states near the VBM. This shows
that acoustic phonon scattering is indeed weak for the
CBM states, as expected due to limited scattering phase
space for a dispersive band. Inclusion of polar optical
scattering reduces carrier lifetimes by an order of magni-
tude at the CBM (black dots). Polar optical scattering
is then the dominant scattering mechanism for electrons
3300 K
a	 	b	
FIG. 2. (Color online) (a) Energy-dependent electron-phonon
scattering lifetimes at 300 K of Ba2BiAu with (black) and
without (red) polar optical scattering. (b) Electron mobility
limited by electron-phonon scattering (eph, solid lines) and by
ionized impurity scattering (ii, dashed lines) versus electron
concentration.
at the CBM, as mobilities in Fig. 2(b) show. This mir-
rors the characteristics of other dispersive-band, high-
mobility materials such as InSb and GaAs. Screening ef-
fects, which are not accounted for in our calculations and
may become significant at higher carrier concentrations,
would further increase the predicted carrier lifetimes and
mobility. However, its effect will be counteracted by more
intense electron-electron scattering. The contribution of
ionized impurity scattering is for the most part small
other than at very high doping concentrations. Hole mo-
bility, as provided in the SI [37], is significantly lower due
to the flatter valence band.
The calculated PF tops out at 7 mW m−1 K−2 at 500
K (see Fig. 3). This is among the highest n-type PFs
for bulk semiconductors, approaching the current record
value of 8 mW m−1 K−2 for the p-type half-Heusler
compound NbFeSb at 500 K [40, 44]. The high PF of
Ba2BiAu is attributed in part to high conductivity aris-
ing from the sixfold pocket multiplicity and weak acous-
tic phonon scattering that elevates the electron lifetimes
near the CBM. Also, the band generates a high n-type
Seebeck coefficient which exceeds −300 µV K−1 at 800
K (the plots of electrical conductivity and the Seebeck
coefficient are shown in Fig. S5 of the SI [37]). The max-
imum PF requires degenerate doping into the conduction
band, which is typical of phonon-limited electron trans-
port. We find that ionized impurity scattering lowers the
overall PF by 25% at 300 K and by about 15% at 500 K
and 800 K.
Ultimately, high zT requires high PF coupled with low
thermal conductivity. Ba2BiAu has already been pre-
dicted to possess ultralow lattice thermal conductivity
[20]: κlat is 0.55 W m
−1 K−1 at 300 K and 0.2 W m−1
K−1 at 800 K, close to the amorphous limit. Because of
such low κlat, heat is mainly carried by electrons (κe ≥ 1
W m−1 K−1). Since κe > κlat, small Lorenz number
(L) is indispensable for the enhancement of zT . This
statement can be generalized beyond Ba2BiAu to any
potential high zT material since it must have low κlat
and high PF. As Fig. 3(b) shows, our calculation indi-
cates that throughout relevant doping ranges, L is signif-
a	 b	
FIG. 3. (Color online) (a) The n-type PF and the 500 K
p-type PF versus respective doping concentrations. (b) The
n-type Lorenz number versus electron doping concentration,
where the gray horizontal line indicates LWF.
icantly lower than the classical Wiedemann-Franz value
LWF =
pi2
3
k2B
e2 . Such a deviation from the Wiedemann-
Franz law is attributed to energy-dependent electron life-
time due to electron-phonon scattering. A simple illus-
tration is provided by the non-degenerate approximation
to the single parabolic band, according to which [45]
L =
k2B
e2
(
5
2
+ r
)
(4)
where the energy-dependence of scattering time controls
the constant r. For polar optical scattering, r = 12 , which
leads to L =
3k2B
e2 < LWF. Under acoustic phonon scat-
tering, r = − 12 and L would be even lower at 2k
2
B
e2 . As
the Fermi level moves towards the center of the gap with
decreasing dopant concentration, L increases above LWF
as each electron carries more energy and bipolar trans-
port takes effect [see Fig. 3(b)]. Because electrons are
much more mobile than holes, L requires relatively little
n-doping to sink below LWF, to the benefit of zT .
The combination of high PF and low thermal conduc-
tivity in Ba2BiAu leads to an unprecedentedly high n-
type zT = 5 at 800 K. This value is higher than any
other 3D bulk thermoelectric to date. At 300 K, we pre-
dict zT = 1.4, which would also be the highest for an
n-type material at room temperature. Fig. 4 shows that
the peaks of zT form at noticeably lower doping concen-
trations compared to those of the PF. Optimal ne for zT
in fact corresponds to the non-degenerate doping regime.
The large difference between the optimal ne for the PF
and zT is reflective of the fact that κe contributes heav-
ily to the total thermal conductivity. If κe > κlat and L
is relatively constant with ne, zT favors lower ne where
the Seebeck coefficient is high (−300 µV K−1 at 800 K).
We note that our calculations result in zT = 0.8 at 200
K and zT = 0.2 at 100 K. Though not as remarkably
high as the values we highlight, they are still respectable
considering the very low temperatures.
We point out at this stage that Ba2BiAu has previously
been projected to have higher p-type PF than n-type PF
due to the flat-and-dispersive valence band [20]. Accord-
ing to our calculations, however, the highest p-type PF
for Ba2BiAu is merely 2.5 mW m
−1 K−2 at 500 K and
4FIG. 4. (Color online) The n-type zT the p-type zT at 800
K versus respective doping concentrations.
the highest p-type zT is at best 2 at 800 K. We find
that the flat portion of the band invites strong acoustic
phonon scattering and this alone reduces hole lifetimes in
the valence bands below the overall electron lifetimes in
the conduction bands [see Fig. 2(a)]. Though SOC adds
a small curvature to the VBM and therefore would some-
what improve hole lifetimes and the p-type properties, it
is unlikely to make a significant difference. Additionally,
the valence band only has fourfold pocket multiplicity at
the L-point. Shorter hole lifetimes, fewer pockets, and
lower group velocities force one to rely on very high hole
doping (nh > 10
21 cm−3) to achieve sufficiently high val-
ues of σ in p-type samples. However, this reduces the
Seebeck coefficient to approximately 80 µV K−1 at 500
K, resulting in poor PF. As a side-remark, such a high
hole doping requirement may also make synthesis diffi-
cult. These observations suggest that highly dispersive
bands that minimize acoustic electron-phonon scattering
can easily outperform flat-and-dispersive bands.
To support this observation and to further generalize
it, we consider Fe2TiSi, another full-Heusler compound
which has been previously suggested as a possible high-
performance themoelectric [19, 46]. As Fig. 5 shows,
its conduction bands represent a quintessential example
of a flat-and-dispersive band structure. Accordingly, the
n-type PF has drawn popular interest, though previous
theoretical studies have resorted to various approxima-
tions for computing carrier scattering rates [19, 46]. Us-
ing the fully first-principles approach for electron-phonon
scattering adopted in this work, we find that the n-type
thermoelectric performance is in fact rather modest and
comparable to the p-type PF arising from the dispersive-
only valence bands. Detailed discussion of the results of
our calculations for Fe2TiSi is given in the SI (see Figs.
S7∼S10) [37]. We find that the electron lifetimes are
much lower than the hole lifetimes due to strong acoustic
phonon scattering accommodated by the flat conduction
band. Also, the flat-and-dispersive conduction bands do
not offer an intrinsic advantage in the Seebeck coefficient
relative to the purely dispersive valence bands. The pre-
FIG. 5. The band structure of Fe2TiSi.
dicted maximum n-type PF arising from the flat-and-
dispersive bands in fact relies on high electrical conduc-
tivity promoted by the high number of dispersive pockets
at the CBM (three at X and additional doubly degener-
ate band at Γ). In contrast, the VBM is only triply de-
generate at Γ but still has a comparable PF, and would
easily outperform the n-type PF if it had a higher degen-
eracy factor (as occurs for the dispersive n-type band in
Ba2BiAu).
In summary, we predict that n-type Ba2BiAu has the
potential to achieve zT = 5 at 800 K and 1.4 at 300 K
due to a rare complementation of very high PF, ultralow
lattice thermal conductivity, and a small Lorenz number.
The predictions of this work are offered for experimental
synthesis and characterization, which would constitute
a proof of principle that the long-sought zT above 4 is
attainable. We trace the high n-type PF of Ba2BiAu
to a highly dispersive CBM pocket along the Γ-X direc-
tion. In contrast, the flat-and dispersive valence band
of Ba2BiAu allows much smaller p-type PF values due
to strong acoustic phonon scattering. A similar trend is
predicted in Fe2TiSi, where the flat-and-dispersive band
is at the CBM. The commonalities between Ba2BiAu
and Fe2TiSi strongly suggest that highly dispersive bands
with multiple pockets ought to be the main focus in the
quest for high thermoelectric performance in bulk ma-
terials, while flat-and-dispersive, low-dimensional band
structures usually invite strong electron-phonon scatter-
ing and reduced PFs. From this perspective, it is only
fitting that the highest known PF for a semiconductor
occurs in NbFeSb, which has a very weak deformation
potential [40] but also eight dispersive pockets, only its
high κlat limits its overall thermoelectric efficiency. We
hope that these examples will stimulate further effort in
search of highly dispersive carrier pockets occurring in
low-κlat materials.
The authors acknowledge financial support from the
National Science Foundation Grant DMR-1611507. This
research used resources of the National Energy Research
Scientific Computing Center, a DOE Office of Science
User Facility supported by the Office of Science of the
U.S. Department of Energy under Contract No. DE-
5AC02-05CH11231. The authors would also like to thank
Dr. Alireza Faghaninia of Lawrence Berkeley National
Laboratory for helpful discussions on aMoBT.
∗ jsyony37@ucla.edu
† yimaverickxia@gmail.com
‡ vidvuds.ozolins@yale.edu
[1] L. Zhao, S. Lo, Y. Zhang, H. Sun, G. Tan, C. Uher,
C. Wolverton, V. P. Dravid, and M. G. Kanatzidis, Na-
ture 508, 373 (2014).
[2] K. F. Hsu, S. Loo, F. Guo, W. Chen, J. S. Dyck, C. Uher,
T. Hogan, E. K. Polychroniadis, and M. G. Kanatzidis,
Science 303, 818 (2004).
[3] H. Wu, L.-D. Zhao, F. Zheng, D. Wu, Y. Pei, X. Tong,
M. Kanatzidis, and J. He, Nat. Comm. 5, 1 (2014).
[4] X. Shi, J. Yang, J. R. Salvador, M. Chi, J. Y. Cho,
H. Wang, S. Bai, J. Yang, W. Zhang, and L. Chen,
J. Amer. Chem. Soc. 133, 7837 (2011).
[5] R. Venkatasubramanian, E. Siivola, T. Colpitts, and
B. O’Quinn, Nature 413, 597 (2001).
[6] B. Poudel, Q. Hao, Y. Ma, Y. Lan, A. Minnich, B. Yu,
X. Yang, D. Wang, A. Muto, D. Vashaee, X. Chen, J. Liu,
M. Dresselhaus, G. Chen, and Z. Ren, Science 320, 634
(2008).
[7] S. I. Kim, K. H. Lee, H. A. Mun, H. S. Kim, S. W. Hwang,
J. W. Roh, D. J. Yang, W. H. Shin, X. S. Li, Y. H. Lee,
G. J. Snyder, and S. W. Kim, Science 348, 109 (2015).
[8] L. Hu, H. Wu, T. Zhu, C. Fu, J. He, P. Ying, and
X. Zhao, Adv. Energy Mater. 5, 1500411 (2015).
[9] D. G. Cahill, S. K. Watson, and R. O. Pohl, Phys. Rev.
B 46, 6131 (1992).
[10] C. Vineis, A. Shakouri, A. Majumdar, and
M. Kanatzidis, Adv. Mat. 22, 39703980 (2010).
[11] A. Minnich, M. S. Dresselhaus, Z. F. Ren, and G. Chen,
Energy Env. Sci. 2, 466 (2009).
[12] M. Nielsen, V. Ozolin¸sˇ, and J. Heremans, Energy Env.
Sci. 6, 570 (2013).
[13] D. Morelli, V. Jovovic, and J. Heremans, Phys. Rev.
Lett. 101, 035901 (2008).
[14] S. Lee, K. Esfarjani, T. Luo, J. Zhou, Z. Tian, and
G. Chen, Nat. Commun. 5, 3525 (2014).
[15] G. P. Meisner, D. T. Morelli, S. Hu, J. Yang, and
C. Uher, Phys. Rev. Lett. 80, 3551 (1998).
[16] C. W. Li, J. Hong, A. F. May, D. Bansal, S. Chi, T. Hong,
G. Ehlers, and O. Delaire, Nat. Phys. 11, 1063 (2016).
[17] L. Hicks and M. Dresselhaus, Phys. Rev. B 47, 12727
(1993).
[18] D. Parker, X. Chen, and D. J. Singh, Phys. Rev. Lett.
119, 146691 (2013).
[19] D. I. Bilc, G. Hautier, D. Waroquiers, G.-M. Rignanese,
and P. Ghosez, Phys. Rev. Lett. 114, 136601 (2015).
[20] J. He, M. Amsler, Y. Xia, S. S. Naghavi, V. Hegde,
S. Hao, S. Goedecker, V. Ozolin¸sˇ, and C. Wolverton,
Phys. Rev. Lett. 117, 046602 (2016).
[21] P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car,
C. Cavazzoni, D. Ceresoli, G. L. Chiarotti, M. Cococ-
cioni, I. Dabo, A. Dal Corso, S. de Gironcoli, S. Fabris,
G. Fratesi, R. Gebauer, U. Gerstmann, C. Gougoussis,
A. Kokalj, M. Lazzeri, L. Martin-Samos, N. Marzari,
F. Mauri, R. Mazzarello, S. Paolini, A. Pasquarello,
L. Paulatto, C. Sbraccia, S. Scandolo, G. Sclauzero, A. P.
Seitsonen, A. Smogunov, P. Umari, and R. M. Wentzcov-
itch, J. Phys. Condens. Matter , 395502 (19pp) (2009).
[22] P. Giannozzi, O. Andreussi, T. Brumme, O. Bunau,
M. B. Nardelli, M. Calandra, R. Car, C. Cavazzoni,
D. Ceresoli, and M. Cococcioni, J. Phys. Condens. Mat-
ter , 465901 (31pp) (2017).
[23] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev.
Lett. 77, 3865 (1996).
[24] X. Gonze, J.-M. Beuken, R. Caracas, F. Detraux,
M. Fuchs, G. M. Rignanese, L. Sindic, M. Verstraete,
G. Zerah, and F. J. et al., Comput. Mater. Sci. 25, 478
(2002).
[25] P. E. Blo¨chl, Phys. Rev. B. 50, 17953 (1994).
[26] Y. Pei, S. Xiaoya, L. Aaron, L. C. H. Wang, and G. Sny-
der, Nature 473, 66 (2011).
[27] F. Tran and P. Blaha, Phys. Rev. Lett. 102, 226401
(2009).
[28] S. Ponce´, G. Antonius, Y. Gillet, P. Boulanger, J. L.
Janssen, A. Marini, M. Coˆte´, and X. Gonze, Phys. Rev.
Lett. 90, 214304 (2014).
[29] S. Ponce´, Y. Gillet, J. L. Janssen, A. Marini, M. Ver-
straete, and X. Gonze, J. Chem. Phys. 143, 1028137
(2015).
[30] N. Marzari and D. Vanderbilt, Phys. Rev. B. 56, 12847
(1997).
[31] I. Souza, N. Marzari, and D. Vanderbilt, Phys. Rev. B.
65, 035109 (2001).
[32] A. A. Mostofi, J. R. Yates, Y.-S. Lee, I. Souza, D. Van-
derbilt, and N. Marzari, Comput. Phys. Commun. 178,
685 (2008).
[33] F. Giustino, M. L. Cohen, and S. G. Louie, Phys. Rev.
B. 76, 165108 (2007).
[34] J. Noffsinger, F. Giustino, B. D. Malone, C. H. Park,
S. G. Louie, and M. L. Cohen, Comput. Phys. Commun.
55, 2140 (2010).
[35] S. Ponce, E. R. Margine, C. Verdi, and F. Giustino,
Comput. Phys. Commun. 55, 116 (2016).
[36] C. Verdi and F. Giustino, Phys. Rev. Lett. 115, 176401
(2015).
[37] Supplementary materials to the main text for figures and
discussions on crystal structure, band gaps, fermi surface,
electron-phonon scattering, conductivity, the Seebeck co-
efficient, lattice thermal conductivity, and Fe2TiSi.
[38] G. K. Madsen and D. J. Singh, Comput. Phys. Commun.
175, 67 (2006).
[39] Q. Song, T.-H. Liu, J. Zhou, Z. Ding, and G. Chen,
Mater. Today Phys. 2, 69 (2017).
[40] J. Zhou, H. Zhu, T. Liu, Q. Song, R. He, J. Mao, Z. Liu,
W. Ren, B. Liao, Z. R. D. J. Singh, and G. Chen, Nat.
Commun. 9, 1 (2018).
[41] A. Faghaninia, J. W. Ager, and C. S. Lo, Phys. Rev. B.
91, 5123 (2015).
[42] D. L. Rode and S. Knight, Phys. Rev. B. 3, 2534 (1971).
[43] D. Chattopadhyay and H. J. Queisser, Rev. Mod. Phys.
53, 745 (1981).
[44] R. He, D. Kraemer, J. Mao, L. Zeng, Q. Jie, Y. Lan,
C. Lie, J. Shuai, H. S. Kim, Y. Liu, D. Broido, C.-W.
Chu, G. Chen, and Z. Ren, Proc. Natl. Acad. Sci. 113,
13576 (2016).
[45] G. S. Nolas, J. Sharp, and H. J. Goldsmid, Thermo-
electrics (Springer, 2001).
[46] S. Yabuuchi, M. Okamoto, A. Nishide, Y. Kurosaki, and
J. Hayakawa, App. Phys. Exp. 6, 025504 (2013).
Supplementary Materials: High n-type thermoelectric power
factor and efficiency in Ba2BiAu from a highly dispersive band
Junsoo Park,1, 2, 3 Yi Xia,4 and Vidvuds Ozolin¸sˇ2, 3
1Department of Materials Science & Engineering,
UCLA, Los Angeles, CA 90095, USA
2Department of Applied Physics, Yale University, New Haven, CT 06511, USA
3Energy Sciences Institute, Yale University, West Haven, CT 06516, USA
4Nanoscience and Technology Division,
Argonne National Laboratory, Argonne, IL 60439, USA
(Dated: September 10, 2018)
PACS numbers: ******
1
ar
X
iv
:1
80
4.
09
39
2v
2 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 6 
Se
p 2
01
8
CRYSTAL & ELECTRONIC STRUCTURES
Ba2BiAu is full-Heusler compound, which can be described as a rock-salt structure of Bi
and Au with all eight of its diamond sublattice positions occupied by Ba. Its primitive cell
is that of face-centered cubic with additional atoms in the interior. Relaxation of crystal
structure and self-consistent calculation of electronic structures of the primitive cell are
performed using two different schemes: using norm-conserving (NC) pseudopotentials on
Quantum Espresso (QE), hereafter NC-QE, and using PAW pseudopotentials on Vienna Ab
Initio Simulations Package (VASP) [1–4], hereafter PAW-VASP. PBE exchange-correlation
functional is used for both cases. Plane-wave energy cut-off of 120 Ry and energy convergence
threshold of 10−8 Ry are used for all NC-QE calculations. Plane-wave energy cut-off of 600
eV and energy convergence threshold of 10−7 eV are used for all PAW-VASP calculations.
Convergence with respect to k-point mesh is safely ensured.
The ground-state lattice parameter of Ba2BiAu as calculated by NC-QE is 8.30 A˚, and
that by PAW-VASP is 8.42 A˚. Ba2BiAu has not been synthesized at all to date, so experi-
mental data are unavailable for comparison. NC-QE and PAW-VASP yield more or less the
same band structures for both compounds near their energy gaps. The 0 K band gap of
Ba2BaAu is 0.44 eV when calculated with plain NC-QE and 0.45 eV when calculated with
PAW-VASP. With Heyd-Scuzeria-Ernzerhof (HSE) correction [5, 6], the gap increases to
0.74 eV. With spin-orbital coupling but without HSE06, ∆Eg is 0.25 eV. The most accurate
value is likely predicted by the mBJ functional with SOC, which yields ∆Eg of 0.56 eV. It
is this value we use for transport calculations.
a	 b	
FIG. S1. (Color online) a) The unit cell. b) The primitive cell. Ba is green, Bi is purple, and Au
is gold.
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FIG. S2. (Color online) Isoenergy surfaces of the topmost valence band (left) and lowermost
conductions band (right) of Ba2BiAu near their extrema.
Ba2BiAu features pipe-like isoenergy surface at the valence band maximum, reflective of
its flat-and-dispersive nature. Effective mass (m) is large along the pipes, corresponding to
the flat direction, and small around the pipes. On the other hand, the isoenergy surface
at the CBM is a set of oblates poised in the middle of the Γ-X directions. These oblates
reflect that m is very small longitudinally and larger but still small transversely. Overall,
the oblates are characteristics of dispersive pockets.
Intrinsic carrier concentration (Nint) and intrinsic Fermi levels (Eint) are shown in Fig.
S3. At low temperatures, due to the much more dispersive conduction band, Eint sits close
to the conduction band. As the temperature rises, Eint approaches the center of the gap.
b	a	
FIG. S3. (Color online) a) Intrinsic carrier concentration. b) Intrinsic Fermi level, where the
horizontal red lines indicate the VBM (lower) and CBM (upper).
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ELECTRON-PHONON SCATTERING
Since an accurate description of electron-phonon scattering is critical for thermoelectric
performance, we perform rigorous matrix element calculations. Electron-phonon interaction
matrix elements and corresponding electron self-energies are treated within the framework of
harmonic phonon perturbation to electronic states. Electron-phonon scattering rate (inverse
lifetime) dependent on band ν and phonon mode λ is calculated as
τ−1eph,λνk =
2
~
ΣIm,νλk (S1)
Here, ΣIm is the imaginary part of electron self-energy, a.k.a., electron linewidth. Within
density functional perturbation theory, it is defined as
ΣIm,νλk =
pi
Nq
∑
ν′q
|gν′νλ(k,q)|2×[(b(ωλq, T ) + f(ν′k+q, F, T ))δ(νk + ωλq − ν′k+q)d
+ (b(ωλq, T ) + 1− f(ν′k+q, F, T ))δ(νk − ωλq − ν′k+q)d]
(S2)
where ω is phonon frequency, Nq is the number of q-points, δ are energy-conserving delta
functions, b is phonon population given by the Bose-Einstein distribution, and f is electron
population given by the Fermi-Dirac distribution. The most important ingredient in the
evaluation of ΣIm is mode-and-band-resolved electron-phonon interaction matrix elements:
gν′νλ(k,q) =
√
1
2mωλq
〈
ψ
(0)
ν′k+q
∣∣∣ ∂Vλq ∣∣∣ψ(0)νk〉 . (S3)
In the above expression, ψ(0) is the ground-state wavefunction and ∂V is the perturba-
tion due to atomic displacement by harmonic phonons. Since explicit calculation of a matrix
element of the form of Eq. S3 is computationally expensive, a reasonable approach is to
compute it on a coarse mesh and then to interpolate it onto a much denser mesh through-
out the Brillouin zone. To accomplish this, we use the EPW software, which performs the
interpolation via maximally localized Wannier functions (MLWF). Polar optical scattering
cannot be treated with Wannier interpolation due to the long-ranged nature of the inter-
action and the localized nature of MLWF. Therefore, they are calculated separately and
then added to the total matrix elements on the dense mesh. The long-ranged polar optical
scattering matrix elements are given by [7]
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gLν′νλ(k,q) = i
∑
a
√
1
2Maωλq
∑
G 6=−q
(q + G) · Z∗ · eaλq
(q + G) · ∞ · (q + G)
〈
ψ
(0)
ν′k+q
∣∣∣ ei(q+G)·r ∣∣∣ψ(0)νk〉 , (S4)
where Z∗ is the Born effective charge tensor, ∞ is the high-frequency dielectric permittivity
tensor, Ma is the mass of atom a, e is phonon eigenvector, G is the reciprocal lattice vector,
and r is atomic position vector.
Since EPW runs in conjunction with QE and is compatible only with NC pseudopoten-
tials, NC-QE rather than VASP is our DFT tool of choice for all calculations involved in
electron-phonon scattering. In preparation for electron-phonon calculations, we first perform
structural relaxation and self-consistent energy minimization. Convergence is safely achieved
with a 40×40×40 k-point mesh. We then compute harmonic phonons and their interaction
matrices with electrons using a 8× 8× 8 k-point mesh for electrons and a 4× 4× 4 q-point
mesh for phonons by DFPT. Finally, we interpolate the matrix elements onto 40× 40× 40
k-point mesh and q-point mesh. We confirm the localization of the Wannier Hamiltonian,
the real-space dynamical matrix and electron-phonon interaction matrix elements from their
decay over short ranges, as shown in Fig. S4. Proper localization indicates accurate inter-
polation. The quality of Wannier interpolation is confirmed by the excellent matching of
the interpolated band structure and the self-consistently calculated band structure (see Fig.
a	 b	
FIG. S4. (Color online) a) Localization of Wannier Hamiltonian and dynamical matrix elements,
normalized to 1, of Ba2BiAu. b) Log-scale decay of electron-phonon interaction matrix elements.
5
FIG. S5. (Color online) Wannier-interpolated band structure (red, dashed) overlaid on self-
consistent band structure (black).
a	 b	
FIG. S6. (Color online) a) The absolute n-type Seebeck coefficients and p-type Seebeck coefficient
at 500 K versus the respective doping concentrations. b) n-type conductivity and p-type conduc-
tivity at 500 K versus the respective doping concentrations. c) The Lorenz number in the hole
doping regime. d) Hole mobility versus hole concentration.
S5). Using DFPT, we also obtain Born effective charges of 2.77, −4.45, and 1.14 for Ba, Bi
and Au, respectively. They add up to 0 but for a very small residual. Deviations from the
nominal charges may be caused potentially by hybridization of orbitals. The static dielectric
permittivity is 21.24.
Carrier conductivity and the Seebeck coefficients are provided in Fig. S6 to complement
the discussion of PF in the main text. Note that the Seebeck coefficient of n-type is similar to
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FIG. S7. Lattice thermal conductivity of Ba2BiAu.
if not higher than that of p-type at respectively optimal carrier concentrations. This indicates
that purely dispersive bands are capable of generating competitive Seebeck coefficient. Hole
mobility and the Lorenz number in the hole-doping regime are also provided for reference.
It is evident that neither is as favorable for zT as their n-type counterparts for electrons due
to the flatter valence band.
LATTICE THERMAL CONDUCTIVITY
Phonons and intrinsically ultralow lattice thermal conductivity of Ba2BiAu have been
previously investicated using state-of-the-art computational methods [8]. The compressive
sensing lattice dynamics technique [9] was used to calculate anharmonic interatomic force
constants, and ShengBTE [10] was used for iterative Boltzmann transport calculations. We
follow the same approach and arrive at identical results. For convenience, we provide our
reproduction of the κlat prediction in Fig. S7.
CASE STUDY: Fe2TiSi
We look to Fe2TiSi for supporting results and discussions because it features both a
flat-and-dispersive band structure and a dispersive-only band structure, as shown in the
main text. The conduction bands have a very pronounced flat portion along Γ-X and five
dispersive pockets, one isotropic and four anisotropic. Meanwhile, the three valence bands
7
are at Γ. The compound serves as a good platform for a comparing the performance of the
two distinctly different band structures. We follow the same set of methods as appears in this
paper to calculate its band structure, electron-phonon scattering, and transport properties.
Calculated lifetimes at 300 K are plotted in Fig. S8. Without polar optical scattering,
the VBM of Fe2TiSi has even longer (hole) lifetimes than the CBM of Ba2BiAu. This likely
due to even smaller phase space offered by only the three valence bands as opposed to the
six conduction band pockets in Ba2BiAu. Because of this, polar optical scattering makes an
even larger contribution in Fe2TiSi than in Ba2BiAu, reducing the lifetimes at the VBM by
more than an order of magnitude. Meanwhile, the CBM consistently features short lifetimes,
very similar in scale to those of the VBM of Ba2BiAu without SOC. Again, a very large
phase space for acoustic phonon scattering is at work. These phenomena can be understood
from the isoenergy surfaces at the two band edges (see Fig. S9). The CBM features one
surface resembling very pronounced orthogonal pipes, indicative of the anisotropically flat-
and-dispersive nature, and a spheroidal surface corresponding to extra dispersive pockets
at Γ. In contrast, all three valence bands are isotropically parabolic, as the three spherical
surfaces reflect. These indicate arge and small acoustic phonon scattering phase spaces for
the CBM and the VBM, respectively.
The resulting thermoelectric PF are shown in Fig. S10. It is evident that the p-type
PF is somewhat higher without polar optical scattering due to very long hole lifetimes,
300 K
FIG. S8. Carrier lifetimes of Fe2TiSi with (black) and without (red) polar optical scattering.
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FIG. S9. The isoenergy surfaces at the CBM (top two) and the VBM (bottom three).
while the n-type PF is somewhat higher with polar optical scattering due to subdued hole
lifetimes. Because polar optical scattering is such a dominant process, much more so than in
Ba2BiAu, any screening provided by free carriers would considerably improve polar-optical-
limited hole lifetimes and the p-type PF. Such an improvement can be expected since carrier
concentrations are high for thermoelectrics. Overall, the p-type performance delivered by
the dispersive-only valence bands is at least comparable to the n-type performance.
A few notable observations are to be made at this stage. With full polar optical scattering,
the p-type and n-type Seebeck coefficients are nearly equivalent at the respective optimal
carrier concentrations of nh ∼ 1020 cm−3 and ne ∼ 1021 cm−3 (see Fig. S11). At 500 K,
for instance, the optimal n-type α is larger only by 3 µV K−1, which only contributes a 1%
increase in the n-type PF over the p-type PF, a negligible amount. Meanwhile, the optimal
n-type σ is higher than than the optimal p-type σ by a factor of nearly 1.18, which leads
to an 18% increase in the n-type PF over the p-type PF. Evidently, conductivity, not the
Seebeck coefficient fuels the comparative n-type PF. Since lifetimes are clearly lower for the
conduction bands and the valence bands are arguably more dispersive, this phenomenon can
only be explained by the presence of an extra fourth and fifth dispersive branches at the
CBM over three at the VBM.
These observations lead to the conclusion that, relative to the p-type case, the n-type
PF draws benefits not from the flat-and-dispersive nature of the bands but rather from the
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a	 b	
c	 d	
FIG. S10. The thermoelectric power factor without polar optical scattering of a) p-type and b)
n-type Fe2TiSi, and that with polar optical scattering of c) p-type and d) n-type Fe2TiSi.
a	 b	
d	c	
FIG. S11. The a) p-type and b) n-type absolute Seebeck coefficients. The c) p-type and d) n-type
conductivities. Polar optical scattering is included.
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higher number of dispersive pockets. Conversely stated, the p-type PF is on par with the
n-type PF in spite of and only because of the disadvantage in dispersive pocket multiplicity.
If additional dispersive pocket(s) were present, purely dispersive bands could easily deliver
higher conductivity and higher PF than flat-and-dispersive bands. A higher dispersion
likewise would lead to even better thermoelectic properties via longer lifetime, higher group
velocity, with little difference in the Seebeck coefficient.
As a side-note, Fe2TiSi would not make a useful thermoelectric as either p-type or n-type
due to intrinsically high lattice thermal conductivity (> 50 W m−1 K−1). Our analysis
suggests that its zT would be less than 0.5 even with generous 4% Hf-Ti substitution that
could lower κlat to 5 W m
−1 K−1.
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